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IDENTIFICATION OF FUTURE ENGINEERINC+DEVELOPMENT NEE9S OF

ALTERNATIVE CONCEPTS FOR MAGNETIC-FUSION ENERGY*

by

R. A. Kmkowaki

A qualitative identification of future ●ngineering
needs of alternative fumion concepts (AFCO) is
presented. These need- are ●eaeooed relative to the
similar needn of the tolmuk in order to emphasize
differences in required technology with reepect to the
well documented mainline approach. Although nearly
thirty AFCB can be idmtified ● u bel~ aeaociated with
8ome level of raactor projection, redirection,
refocwlng, ●nd Seneral ●lmllarltlem can be used to
generate m reduced AFC list that includes only the
bumpy tori, stellarators, reversed-field pincheeo and
cmpact toroidm. Furthermore, ●ach AFC has thm
potential of operating ● m ● “conventional” (low powr
density, superconducting masnetm) or ● “c-pact”, high-
power-deneity (HPD) s~stem. Hence, in order to make
tractable an otherwise difficult tatk, the future

●ngineering needs for the AFCS are ●ddreooed hare for
conventional vermum compact ●pproacham, with the isrter
being treatrd ●e ● generic claas ●nd the former being
cempcmed of b~py tori, stellaratoro, rwarned-fi-ld
pinches, and compact toroldm.

1. INTRODU(XION

The davelopant ●nd ●ventual c~rciallcation of magnetic fueion energy

(PIPE) it pr9ssntly being pureued in the US through two ulnllne concept-, thm

tokamek ●nd the tandem strtor, with a number of promlcing but less develnpad

●pproaches being funded ●u backup or alternatlvo fumion concopte (AFC-). In

SC=* lnmtancea ●n AFC MY prmeent ●n option rather than ● backup to the -lnltne

●pproaches. The roa~ons for pursuing AFCm are the prmleem for lees ●xpenmive

●y@tmmo chat Wy be ●a-ier to ~intaln ●nd operate while requlrl~ lose

dev~lopmnc time ●nd dollars: the need for l-r tachnoloty ●nd better, more

flexible operatlns characteriatlce (mteady-atata plaema, uee of ●dvanced Cueim,

•e
—
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etc.) contributes to the reasons for pursuing certain AFCS. In a sense, the

AFCB present both a backup and a competition to the mainline in the evolution of

an optimal means to confine plasma for the economic production r,f fuelon power.

Numerous, relatively low-level reactor studies of the NCS have been

reported over the past decade. This paper attempta to cranalate the results of

these parametric systems, tradeoffs, and conceptual design studies Into an

overview of engineering technology requirements; such a listing of requirements,

although qualitative , ultimately must be used to develop and implement an R&D

program plan that optimally supplies the long-term engineering needs of MFE.

Only the future engineering needs of the AFCS are addresaed here. Hence, in

relating the reoults of system studies to future engineering needs, large

VariatiW18 in physics uncertainty and p?omise, stage Of d~velopment, and

maturity of concept among the mainline and AFC approaches must be recognized.

The degree of common technology among the vtirlous MFE approaches is particularly

Important in fostering potentially promising AFCS on the basis of more rapidly

developing physics, nuclear, and materials data bases that are emerging to

support the main!.ine approaches.

The engineering development needs for the mainline tokamak have been

quantified by detailed conceptual studie~ of both first-generation tokamak

engineering experimental ’2 and commercial power reactors. 3 TO a lesser extent,

but nevertheless at a significant level of effort and conceptual design detail,

are rntudien of the Tandem Mirror Reactor (TMR),4-6 ●e well as nearer-term

unglneering devicee7’e based on the tandem mlrrur confinement principle.

Complementing both the tokamak and tandem-mirror mainline approaches are the

WCS . The status of reactor deai~nc for tokamake, tandem mlrrort, and AFCO have

been su-arized quantitatively In ● recent rev~ow paper, 9 and an even more

r-cent rntatue has been reportud by ●n IAEA workshop.l”

Table 1 given an ul~dated veroion of a previousg AFC suaxnary. Many of thQ

reactor deoiRns @uggeatOd for thesa twenty-eight AFCS are based on study e!’forts

that, relative to the tokamak, ware limited both by the availabl@ manpower and

the physics d~ta baue. Approximately 11-12 of th@ AFCO lioted on Table 1 are

being ●xamined experimentally, while an awareneam of reactor technology needs

●nd ralated engineering cnqotrainta 10 ●lmultaneoualy being maintained.

Furthermore, many ot the AFCS receiving atten~ion share both a c Ommon phyrnica

baais ●nd projected technology R&I) needs with both the mainline ●nd other AIWa.

Both the progrmmaatir narrowing ef tha AFC spectrum displayed on Table I ae well
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TABLE 1

SUMMARYOF ALTERNATIVE CONCEPTS FOR MACNETIC FUSION

Reference(a)
I. Toroidal

A. Steady state
Stellarator
Toreatron
Bumpy torus (EBT/NBT)(b)
Toroidal bicusp (Tormac)
Surface magnetic confinement (Surmac)

B. Long pulsed
Reversed-field pinch (RFPR)
Compact Reversed-field pinch C FPR)

[!Ohmically-heated torus (OHTE) c
Ohmically-heated tokamnk (Riggatron)
High-field tokamak

c. Pulsed
Theta-pinch (RTPR)
High-beta etellarator (HBS)
Belt-shaped screw pinch (BSPR)

II. Compact toroid (CT)
A. Stationary

Spheromak
Field-revarsad mirror (Flttl)
Triggered-reconnected adiabatically compreaned torus

( TR,A~ )

Electron-layer field-reversed ❑irror (Aatron)
Slowly imploding liner (LINUS)

B. Translating
Soharomak
Field-reversed theta pinch (~OR)
Moving-ring field-reversed mirrer (MRFRM)
ion-ring compr~aoor

111. Li’~ear
A. :’ teady state

Hul-iple-mirror soldnold
B. Pulned

Linear theta pinch (LTPR)
Lacer-haatad solenoi4 (LHS)
Electron-beam haated ●olanoid (EBHS)

Iv. Vary donae (fast-pulsad, linear) systems
Pa-t-imploding linar (FLR)
Danae plasma focus (DPF)
Wall-confined ohock-heated reactor (SHR)
Cmnsa Z-pinch (DZPR)

11-15
16,17
18-24
[25-27]
28,29

30,31
32,33
34,35
9,36-38
39,40

[41]
[42:
43,44

45,46
147-49!

50,51
[52]
[53-56)

57-59
60-62
63--65
:66]

[67,68)

[691
[70]
[71]

[72]
[73)
i74]
75,76

‘a)The [] brackets indicate conccpca for which nalehor ●xperimantsl nor SYOCCDO
●tudiee actlvitima prascntly ●xlst.

‘b)ELMO Bumpy Torus/Nagoya Bumpy Torus.

‘c)()~ically-Heated Toroldsl Ekparimant..
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as the pi. teal and technological commonality between certain of the aur’iving

AFCIY la u. d here to make manageable an otherwise intractable task of relating

reactor projectlona to future engineering development needs for the AFCS.

The resultb of the narrowing process being applied to the AFCa, in fact, is

reflected by the deliberation of a recent MEA workshop, 10 wherein the AFCS

being irweetigated in the 1980s were grouped as follows.

. ELt10 or Nagoya Bumpy torus (EBT/N13T)

● Stellarator/Torsatron/Heliotron (S/T/H)

. High-Field Torus (CRFPR, high-field tokameks, OHTE)

. Compact Toroide [CTs, Field-reversed Configurations (FRCe) and spheromaks].

It is noted that for the purpoaee of this paper, ae well aa paat revieweg and

workshops,10 the high-field tokamak is considered an APC.

A further condensation of the AWs is made for the purpoees of this

asseeiament, wherein a CateRO~y termed “compact’: or high-power-density (HPD)

systems Is identified into which is placed the CRFPR, OHTE, high-field tokama!cs,

and certain subelements of the LY clans. The rationale for and characterietice

of the HPD systems are described in Ref. 33. General concern over the dominance

In mase and coat of the fusion power core !l.c., first-wall/blanket/shield/coils

(FW/B/S/C)] that characterize many of the conventional WE approaches has led

to recent eerioue cQneideration of the HPD or compact option. Fueion-pouer-core

or eyotem powar denaitiee that are compar~ble to alternative energy eources,

projected coats that are relatively insensitive to large changee in the unit

coat ($/kg) of the fusion ~ower core, considerably reduced elze/ma88 of the

fusion powar core with potmnttol for block installation and maintenance, and ihe

potential for rapid, minimum-c~et development/deployment are general

characterlotics being #ought for the compact option. The unique

engineering/technology needm for the HPD ●yeteme are aseeeeed here an a

●aparate, genaric clasrn.

It la ●mphaoizcd that, like the tem “conventional”, u-e of “c~pact” or

“HPD” doee not nacasurily refer to or llmtt ● epecific confinement echeme; ju@t

●m tha RFP has ● viable convcntoral raactor ambodimnt,30’31 It ie ponalble to

envisage HPD resctor voroione for the tokmak36-3e and the S/T/H.~’ T!l~s

dlvlnion between conventional vorsua compact systems and the comnunicatlon——

b9tween thin grouping ● re shown in Table 11. If a glvan AFC is to impact
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eignificantly the overall development

better, more competitive reactor.

of Ml’E, it must lead to a eubetantially

Furthermore, this better reactor must be

achieved on a shorter time echedule and with significantly smaller expenditure

of fundfl than for tl,e mainline approaches. Given steady progrese in phyeica

research for certain A.FCm, these goals can be ❑ et most probably along the HPD,

, compact route. If the reactor embodiment for a given AFC fallm into the

conventional Bide of the division shown on Table 11, it probably cannot compete

with the ❑ ore atvanced and mature mainline approach, unleee a more favorable

physice data baae could be developed in a relatively short time. In order for

an A.FC to have impact as a true option rather than ❑erely as a backup, it must

poee a true alternative; for economic reasons to be discussed that alternative

may have to be compact. Ultimately, the choice between conventional and HPD

options will be made on the basis of economice; in a sense, this division

between conventional veraua HPD must be recognized as being dictated somewhat by

the history of KFE reactor evolution.

TABLE II

RELATIONSHIP BETWEEN CONVENTIONAL AND HIGH-POWER-DENSITY APPROACHES
TO MAGNETICFUSION ENERGY

CONVENTIONAL MFE HPD HFE(a)—.

Tokamak . . . . . . . . . . . . . . . . . . . . . . . . . . ----
{

Riggatron
AFTR(?)

EBT/NBT

S/T/H . ., ● . . . . . . . . . . . . . . , ● . . , . . . . . . .~ Heliac(?).
.
..o,..~ OHTE
.

RFPR . . . ● ● . . . . . . . . . . . . . . . . . . , . . . . . . . 4 CRFPR

Cr
{

LINUS. # . . , . *.. . . . . . . . . . . . . . . . . . . . . . . .—
mm (?)

‘M)The ●ymb,}l (?) indicatea theme AFC reactor concepte for which operation in
the HPD mode remains to be shown through conceptual design study to be
physlcaJ.ly, technically, ●rid/or economiciall faasible. HPD raactor deoi no
hkva been propoeed only for the Riggatrcm, $ !9, 6-’30 0~E,3~,35 ●nd ~ppR.32, 3
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11. DESCRIPTION OF AFCe

A. Background

over the pact decade and to varying levels of detail and design maturlt!,

conceptual design etudieg of a wide range of magnetic fumion reactors have been

reported. g A major goal of theOe studies izi the aaseaement of technology needs

for eventual implementation into an engineering R&D plan. The degree to which a

given fu6ion approach is deemed acceptable IS judged on the baeie of an economic

assessment, ua ing both cost-of-electricity (COE, mille/kWeh) and unit direct

cost (UDC, $/kWe) aa & measure of goodness while simultaneously Impos:ng

conetraintt3 on net electric power (i.e., a measure of network compatibility).

Because of differences in optimism assumed in projected physic~, anticipated

technology development, and costing methodology, etudy reeulta ranging from

highly favorable3 to cautiously peasimistic]9 can emerge, even for the same

concept.

If the present state of toroidal fusion reacccr projections baaed on an

ignited or nearly-ignited DT fuel cycle could be euaanarized by a simple

parameter list, a eynopais aimilqr to that given on Table III might result.

Where appropriate, comparable parameters for a light-water (fission) reactor

(LWR)~9’e0 are also included. these four concepts, the Modular Stellarator

Reactor (MSR), l~15’el STARFIRE (tokamak),3 ELtlo Btimpy Torus Reactor

(EBTR),23’2° and Revereed-rield Pinch Reactor (RFPR),30’31 are considered to be

co~ventional syetema In the oense previously deecribed; all heve been proposed

ae optimal systems while sharing the common feature of low syutem power dene!ty

(MWt/m3) and high mass utilization (tonne/MWt, re: footnotes (a) and (b) on

Table III) relative to the fieeicn option. Each of the conventional fusion

eyoteme given on Table 111 is based on the use of superconducting CO11O.

A number of recent publication~ ’8’82Pb3 have questioned the ●conomic

competitiveneae of the~e convectional HFE approached. A general call is made

for higher power den~ity (HPD) eyetcms or ayeteme that can generate ❑ore power

for leaa anglnaering maoe devctad to the fuoioll power core. Increaeee in the

eymtem power density, or decreaees in the maem utilization of the fuuion power

core, IMy be required in order to aaeure that the fusion power core remaim a

mall fraction of the total power plant in terms of mama and cost . For the

purpooee of this papar, ayptema that operate with ayatem power denaitiea or
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TABLE 111

SUMMARYOF KEY PARAMETERS FOR A RANGE OF
TOROIDAL CONVENTIONAL DT-FUSION REACTOR CONCEPTS

DESIGN DATE: 1981
PARAMETER DEVICE: ~R13-15 ,81

Plasma radius (m) 2.!1

Major radius (m) 23.24

Plasma volume (m3) 2050

Average density (1020/m3) 1.50

Temperature (keV) 8.0

Lawson parameter (1020 B/m3) 3.7

Average beta 0.04

Plasma power density (NU/m3) 2.35

Magnetic field (T) 6.0

Neutrcw current (NU/m2) 1.3

Thermal power (MWt) 4800

Net power (HUe) 1530

System power deneity (MWt/m3)(a) 0.26

Maae utilization (tonne/N’Ut)(b) 9.0

Thermal conversion efficiency 0.35

Recirculating power fraction 0.08

Net plant efficiency 0.32

COE (mills/kUeh)(e) 94(1991)

Unit direct cost ($/kHe)(d) 1547

Construction time (years) 10

1980
STARPIRE3

2.38

7.0

781

0.81

22

3.0

0.067

4.50

5.8

3.6

4033

1200

0.30

3.9

0.35

0.167

0.30

67(1986)

1438

6

1980
EBTR23’2k

1.0

35.0

691

0.95

22

1.7

0.17

4.13

5.0/2.25

1.4

4028

1214

0.24

10.9

0.35

0.15

0.30

72(1985)

1737

5

‘a)ltatio of total ueeful thermal power to the volume enclosed by

1978
RFpR30 ,31

1.2

12.7

564

2.00

!.5-20

2.0

0.30

4.50

3.0

2.7

3000

75(J

0.50

3.6

0.30

0.17

0.25

80(1990)

1335

10

1980
L~79 ,80

90

1000

19.8(7.5)(*)

0.2

0.33

40(k983)

goo(e)

8-1o

and including
t;)e CO1lB. The LUR case pertaina to a preeeurized-water reactor (PUR), and
the volume used 1s that enclosed by the prim6ry preeture vessel; the number
in parentheeee includr?e the eteu-generator volume. The equivalent number
for a boiling-water reactor 10 4.8 UUt/m3.

( ‘)titio of first-wall/blanket/shield/coil (FU/B/S/C’l mass to the total uoeful
thermal power. The equivalent num’-r for the LIJ”l, ●gain chosen here to be a
PUR, uses the maas of the ~rimary pressure vansel. The ●quivalent number for
● BWR is 0.37 tonne/MUt. It ie noted that the mose utilization predicted for
the fueion power core (PU/B/S/C) 10 comparable t~~ that for thm complete LUR
power plaut (10-15 tctnne/Kdt, ●xcludlng concrote but includln8 raoar).

‘c)Bannd on “then-current” dollars evaluated in the designataf year.
(d) Baned on total direct cmt and net electrlcml power before application of

indir~ct cott (- 23ZJ, intcrast during conatwction (IDC), ●nd ●acalation
during construction (lIDC). All unit direct coote (UDCn) Eiven in 1980
dollnrn.

(e)
A nomiml l,WR unit direct cost tak~~i from Ref, 89.
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fusion-power-core mass utilizations thct are E,t lenet an order of magnitude

better than the conventional KFE ay~tems listed in Tabie III are designated as

compact or HPD systems. In economic tenna, this criterion would assure that the

reactor plant equipment remaine below 30-35% of the total direct cost rather

than the 60-80% values that characterize the mainline and conventional A.FCS.

Clearly, new demanda on economic, phyeice, and technological performances emerge

along with apparent promise for the HFD approaches. 32,33 It ie for these reasona

that, in addition to the conventional AFCe listed on ‘fable II, the generic

engineering neede of the HPD option are aleo addreeeed.

l?. Compact APC Systems

A heuristic rationale for pursuing the HPD option is given in Re!!. 32 and

33. Generally, the prudent desire to reduce the importance of the fu~lfon power

core, in terms of volume, mass, and cost, relative to the rest of the reactor

plant equipment and the balance of plant requires consideration of higher system

power deneity for both the mainline36-38 a~d the APCe.32-3s On the basis of

theoe argumei,ts, a number of HPD toroidal fusion approached are being

considered.l” Theee devfces generally can bc claeaified as tcmide using

resistive coils to provide higher-denelty tokamak37-q0,6b or RFP32-35

confinement. All euch devices rely on elgnificant Ohmic heating to achieve

ignition, with the high-field tolumaks to varying degrees also requiring

compreesional and/or high-frequency wave heating. Of the HPD approaches being

cont3idered, power reactor embodiments have been suggested to varying levels uf

detail only for the Rlggatron,9’37 the OHTE,34’35 and the CRFPR.32’3J Uypical

toroidal reactor parameter~ for the CRFPR, OHTE, and RigCatron are giver, on

Table IV. It is noted that the CRrPR and OHTE design points result from

relatively recent atudiea, whereas the HPD tokamak (Riggatron) study ts not as

recent and, therefor~ , may be subject to re-adjustment.

The compact or HPD ryutems include the poeaibility of any confinement

●cheme, primary candidate presently being RFPe, comp(-t toroida (apheromaka,

FRCS), high-beta ●tellarators (i.e., heliacu), tok.imaka and comblnationkr

thereof. The name “compact eyotems” la not in~ended to identify a new fusion

line, but rather ● regime of reactor operation that aasurea a significant

increase in system power density, a corresponding decreaee In fusion-power-core

maoe utilization, and a significant reduction in the cost ratio of reactor plant
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TABLE IV

KEY PARAMETERS FOR HIGH-POWER-DENSITY
TOROIDAL FUSION REACTORS

Plasma power density (MW/m3)

Plasma current (MA)

Plasma current density (MA/m2)

Magnetic field (T)

Neutron current (MW/m2)

Thermal power ‘c) (Mwt)

Net power (!’l’We)

System power density ‘d) (MUt/m3)

Mass utilization ‘e) (tonne/MWt)

Thermal conversion efficiency

Recirculating power fraction

Net plant efficiency

~pR32,33

0.71

4.3

42.7

3.4

*O(a)

0.20(1)

72.4

18.5

11.7

~,3(b)

19.5

3350

1000

15

0.37

0.35

0.15

0.30

o*~(f)

0.67

5.91

52.3

12.o(g)

5-6(8)

0.43(1)

80.4

12.4

8.8

11.2(h)

19.5

2740(1)

904

3.2

1.45(~)

0.40

0.35

0.24

RIGCATRON9

0.34

0.85

1.9

20-30

1?-20

0.20

460.

3-4

8.3-11.1

2fl .

68.

1325

355
~4(k)

-.

0.41

(),33

0.27

(a)Flat temperature profile, J~(ar) density profile.

‘b)Peak fields at toroidal field coil.

‘c)Tota.l useful thermal power.
(d) Based on volume encloeed by and including the coilB and total thermal power.

‘e)Baaed on total tl-ermal power and total maas of FU/B/S/C.

‘f)Ref. 35, electricity generator.

‘g)Profiles given by [1 - (r\rp)2]a, where a = 2 for T(r) and 0.25 for n(r).

‘h)peak fields at Ohmic-heating coil.

‘i)Total fueion power is 3795 MWt.

‘j)Of the 5500 tonne for F’U/B/S/C, this particularly heavy (LiPb) blanket weighs
3200 tonne uses

(k)Baaed on volume
Riggatron being

(l)poloidal betas
beta.

an unusual heavy OHC to minimize lo~Jaes during startup.

of vacuum chamber and fleet-wall coil set , the blanket in
far removed from the funion power core.

evaluated at the plaema radiua, which nearly ●qual the total
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equ~pment to total direct cost. A confinement scheme can oper~te in the HPD

regime by Increased first-wall loading, decreaaed blanket/shield thickness, end

increaeed blanket energy multiplication. For those systems that allov efficient

c~peration with resistive coils , only a thin heat-recovering tritium-breeding

blanket may be required, leading to considerable reduction in size and increases

In power density. Certain key technologies projected for HPD operation are

expected to be qualitatively different than are projected for the conventional

approaches. The unique D6T needs for the “~D approaches are addressed

81enerica~ly 0~ the basis of the projections emer8ing from the preliminary

studlee summarized in Table IV.

c. Conventional AFC Systems

As indicated m ‘Jable 11, conventional AFC reactfirs considered here include

EBT/NBT, S/T/H, RFPR, and CTs. The EBT/NBT and S/T/H are inherently steady-

state devices, whereas, like the ❑ainline tokamak, a mechanism to drive a

eteady-state toroidal current i8 needed to achieve steady-state RFPs or CTS.

Long-pulsed operation for the RFP and a number of CT reactor embodiments,

however, is projected to lead to attractive reactor systems. The EBT/NBT and

RFP concepts generally degcrlbe well-defined entitles, whereas both S/T/Hel and

CTB5 each describe an ensemble of confinement schemes. Table III lists typical

reactor parameters for the EBTR, MSR, and RFPR. The MSR design point summarized

in Table III corresponds to one member of the S/T/H reactor family, a wider

spectrum of S/T/H reactor design points being given on Table V. Typical CT

reactor parameters for the FRCS, as opposed to spheromaks, are given in

Table VI; both LINUS53-S6 and TRACT50’51 concepts heat and burn in situ a.—

stationary FRC plasmoid, whereas CTOR forms and heats the plasmoid external to

the reactor with the subsequent burn occurring as the FRC plasmoid translates

through a linear burn chamber. Because of the early experimental development of

the CTs, aa well as the preliminary nature of the reactor studies listed on

Table VI, the technology R6D needs for the CT class cannot be fully assesaed.

It ie noted that based on system power deneity, only the LINUS promises

operation in the HPD mode, although both CTOR and TRACT systems nevertheless

Snow significant improvement with respect to eyetem power deneity and over all

size relative to the conventional systems summarized in Table 111.
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TABLE V

SUMMARYOF STELL~TOR/TORSATRON/HELIOTRON

Plasma radius (m)

Major radius (m)

Plasma volume (m3)

Average density (1020/m3)

Average temperature (keV)

Lawson parameter (1020 s/m3)

Average beta

Plasma power density (MWt/m3)

Magnetic field (T)

Neutron current (MW/m2)

Thermal power (MWt)

Net power (MWe)

System power density (MWt/m3)

Recirculating ptiwer fraction

Net plant efficiency (~~ - 0.35)

T-116

t-3

ma16

N=20

2.3

29.2

3049

1.33

7.3

3.0

0.035

1.4

5.0

1.1

4340

1400

0.35

O.ot

0.32

(s/T/H) FUSION REACTOR COnCepts

H.ELIOTRON-Hlc

J?=2

m=15

1.8

21.0

1343

1.2

13

--

0.08

.-

4.0

1.3

3600

1260

0.43

0.05

0.33

UWTOR-M17

R-3

m. 6

N-18

1.72

24.1

1830

1.56

-lo

1.7

0.05

3.91

5.5

1.8

5500

1760

0.35

0.08

0.32

~R13,1k

R-2

~m6

N*18

2.11

23.24

2050

;.5

8.0

3.7

0.04

2.34

6.’2

1.3

4800

1530

0.26

0.08

032

‘a)The design points given for HeliotrGn-H, UWTOR-M, and MSR should be
considered interim with respect to the Ref. 10 date; ”reactor Btudies on all
three S/T/H have continued since that October, 1981, workehop, end at the
time of this writing work remains in progresai.

The validity of any needs projection for the AFCe depende on the accuracy,

depth, and realism of the previously summarized

are evolving es new experimental data and

developed. It become~ important, therefore, to

the reactor embodiments. Detailed reactor

studies. Many of these concepts

design lnaight/understanding are

recognize the atatua of each of

deai8nB of the HPD option do not

exist, although an indepth parametric study of the compact RFP reactor (CRFPR)

hae been ccmpleted, szvsjpe~ upon which a detailed reactor design is proceeding.

A detailed design ham been reported for the EBTR,23F24 although over the pasbed

yea r the EBT reactor has been under ~tudy by the Oak Ridge National Laboratory.
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TABLE VI

TYPICAL PARAMETERS FOR THREE CT REACTOR CONCEPTS BASED
ON THE USE OF FRCS

Minor radius (m) 0.08/0 .037(b) 0.31 0.14

Major radius (m) o.19/o.ll@) 0.52 0.36

Separatrix r~dius (m) 0.28/0.15(b) 0.85-1.05 0.39-0.55

Length (m) 3.1/10.0 5.0-8.0 2.3-3.0

Plasm vclume (m3) o.35/o.50@) 11 .4-27.7 1.1-2.!4

Density (1020/m3) 2400/1900(b) 25-5 39-45

Temperature (keV) 15/20(b) 12-i4 6-35

Averaged beta 0.55/0.60 0.87 0.85-0.6$

Plasma power deneity (b) (Mw/ID3) 5100/6700(b) 93-38 40G-154

Magnetic field (T) 54/60(h) 4.2-2.0 4.7-4.3

Burn time (s) 0.0004/0.0010 2.0 0.9

Off time (s) 1.0/0.5 5.8 0.2

Neutrun c~rrent (MW/m2) 305/259 2.0 7.5

Heat flux (MW/m2) 4.7/7.0 ooo5@) 0.23

Thermal power (MWt) 1790/3350 1050 440

Net electric power (MUe) 507/910 310 100

System power density (MWt/m3) 4.1(+4.1 0.70 1.14

Recirculation power fraction 0.15/0.22 0.15 0.12

Net plant efficiency (n~) 0.28/0.27 0.30 0.22

(0.33/0.35) (0.35) (0.25)

~a)The NRLILos Alamos parameters.

‘b)At peak cornpreesion, where ranges are given valuea correspond to limite taken
over the full power cycle.

‘c)Calculated using reactor volume inclurllng the gas reoervoir used to drive the
liner. If the smaller volume enclosed by the unimploded liner is ~lsed as the
baaia, this parameter w~uld be increaeed by a factor of - 5.

(d) Low values becaune of natural divertor action to end~ of d~vice.

An indicated in Table V, detailed ❑achine designs are evoiving for the modular

etellarutor, 14’15~17 the Table V data repreuentlng iterim valuen. Lastly,

little work on the CT reactor~q~-tib has been reported, the tioet rec~ntly

cofipleted study being given for TRACT.51
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111. ENGINEERING AND TECHNOLOGYMD NEEDS FOR AFCn.

The future ●ngineering needs

evaluated qualitatively on the

subsystem breakdown is given cn

for both the conventional and NPD APCo are

baaia of generic reactor ●uboyctema. This

Table VII, which alao gives a qualitative

ranking oi technology neede for the conventional A.FC reactor cwbodimence listed

on Table 11 relative to the tokauak mainline. This eubsystem forut 18 ●lso

applied separately to a geneclc ●aaeaament of the HPD UC ●pproaches.

Three points Shouid be noted in ●pplying the systeu format given in

Table VII tc aaseseing future engineering needs. First, balance-of-plant (BOP)

ieaues are not taken into account, these BOP iaal.~es interfacing with thooe in

Table VII primarily through the primary/secondary coolant loop ●yatema and

t h rough the recirculating pow r requirements. Secondly, a strong

interrelationship ●xists among the eubsyscema gfven in Table VII (n.g., impurity

conr,rol impacts strongly plasma engineering, nuclear, and Mgnetic subuystema).

A rcccnt etudy and workshop, 88 in fact, hae quantitatively addresaed the

engineering facility needs for both tht mainline and a majority of the AFC

approach~e. Thirdly, the extensive and multifaceted ~terials R6D needs

associated with each Subelement of Table VII are not explicitly discuaaed in

this paper. This aectiol gives a qualitative rationale for the ranking

suggested in Table VII for the conventional

options. The following Sec. IV. giv~e a tabular

herein.

A. Technology R&D Needn for Conventional AFCO

AFCe, aB well ●s for the HPD

summary of the remrke made

The conventional AFC reactor embodiments being considered here are EBT/NBT,

S/T/H, RFI’, ●nd CT. With the possible exception of the CTe, the ●ngineering

neede for ●ach of the ●ubsyatema listed in Table VII appear to be eimilar to or

are somewhat more demanding than the tokamak. The ranking given on Table VII 10

baaed on the following q’~litative inferancee of future ●ngineering neede, ●e

measurad relative to the better quantified neede of the mainline ●~+roaches.

1. Plasma Engineering System Taken as a—— composite, the— technology

required of the plama engineering ●yotcm nppeurs to be inure difficult,

comparable, ●cmewhat eaoier, ●nd ●asiar relative to the tokamak, reopactiv-ly,
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T.4BLE VII

SLJH?4ARYOF KEY WE REACTOR SYSTEMS USED TO ASSESS
TECHNOL(XY RLD NEEDS UITN TOKAJLAK-BASEDRANKING BEING

APPLIED TO

PMS?4A SIJGINEERINC SYSTEMS

THE CONVENTIONAL AFC SYSTEMS LISTED

Current Drive

Auxiliary heating

- Startup

- Burn sustenance/control

Equilibriumlatability/pomition control

Plama aeh and impurity control

Direct ●nergy conversion

Que 1i ng

NUCLEAR SYSTEtfS

●

●

●

●

●

●

Limiters

Diverter platee

First wall(s)

BJ.anket/shield

Vacuum system

Fuel handling/containment

HAGNETSYSTEMS

● Toroidal-field coils

● Ohmic-heating coils

. Equilibriuwfield coils

. Diverter coils

● Feedbacki position-.control coilo

● Power/erer8y transfer and etorage

REMOTE MAINTENANCE SYSTEMS

. Scheduled

. Unscheduled

DIAGNOSTICS AND I/C SYSTEMS

SAFETY AND ENVIRONMENTAL SYSTEMS

EBT/NBT

m

+

+

*

NR

o

0

0

0

+

+

o

*

NR

NR

*

INK

lilt

o

0

S/T/H(a) EPP

NR

o

0

NR

o

+

+

+

o

0

0

++

NR

.&

o

NR

+

+

o

0

0

+

o

0

0

NR

o

0

0

+

o

0

0

-.

0

i)

+

o

,-

0

0

~(b)

NR

--

-/lJNu

NR

!JR

+

0

0

0

NR

NR

NR

NR

0

(a)Ranking baaed primarily on ❑odular version + more difficult that tokamak
of the stellarator15B17 A study and inter- - leas difficult tilan tokamak
comparleon between modular veruua continuous 0 ●imilar to tokamak

— 14coil S/T/tl eysteme la in progreea. NR not requirnd

‘b)Ranking baaed on moat “conventional” of UNK unknown requirement
tha CT raat-tora linled on Table VI1, th~
translating plasmoid CTOR.60-fi2



-15-

for the EBT/NBT, RFP, S/T/H, ●nd CT. The potentially large startup power,

thermally-unstable ●nd collisionality-sanoitive burn, ●nd ambipolar ●ffecto on

both transport ●nd impurity/aoh accumulations contribute, on the basis of

prasent understanding, to the “more difficult” rating ●uggemted for EBT/NBT. In

addftion, the factor by which the average plasma beta must be increaaed in order

to achieve a viable reactor is considerably larger for the EBT/NBT. The impact

of the relativistic electron rings needed for atabilitylequilibrium on the

overall ●nergy balance ●nd beta issues, based on pre~ent knowledge, also

contribute to this EBT/NBT ranking relative to the tokamek in thin area. A

potentially 10SSY, turbulent startup for RFPo may present a unique problem if

the RFP minimum-energy state must be accessed during startup through an initial

tokamak-like state , although other plaema engineeri~g processes are expected to

be similar to those for tokamaks. Furthermore, the RFP has already achieved

reactor-like betas, tlthough, like the tokamak, ?he RFP muet nddrees the ieeuee

of long-pulsed operation vereue steady-atute current drive. It la al~o noted—-

that unlike the other AFCM being considered here, only the RFP promises ignition

through by Ohmic heat!ng alone. The startup and burn sustenance on externally-

controlled flux surfaces (at leaat at low beta) appears as an advantnge for

S/T/Hs, although, like the tokamak, the stellarator presently operatea at beta

values that are 6-8 times below valuea needed for an economic reactor. The

combination of ●xe-reactor plaamoid formation and ignition followed by a

relatively paenivc burn for the translating version~ of the CT reactore may

contribute to aignificnntly reduced engineering needn in this area; it muet be

recognized, however, that CTa are the least mature of all AFCe considered here.

9L. Nuclear Systems Although the engineering needO for the Nuclear Systems

are generally comparable for the mainline tokamak and the conventional AFCa, to

varying degrees each AFC ❑ay present added engineering demanda in thin area.

The desire or need to minimize the distance between the (superconducting) coil

and plasma for EBT/NBT in order to maxtmize the bounce-avernged ratio of

toroidal to local magnetic-field curvature for Lhe purpoeea of minimizing

tranoport losees at acceptable levels of aepact-rati., enhancement placea added

conatrainte on the blnnket/shield design for EB’1 :MT. The threa-dimel~eional. ,

h~lical ci~aracter of the S/T/H preeente add~d difficulty for engineering systems

(FW/B/S, ❑agnetic divertore) that ❑ ust ciao adapt to tt,to helical sy~etry

while, like the EBT/NBT, requiring thin FU/B/S ●yctcma immediately under the
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●uperconducting (modular) coilo. The pouoible role of the first wall as a flux-

conwrving, stabilizing shell may present unique needs for the RFP reactor,

whereae the firet-wall radiation flux may be significant sc the entrance region

of a linear burn chamber proposed for the translating-plaemoid C7 reactor.

Generally, the future engineering neede for the Nuclear Systems are expected to

be comparable or somewhat more demanding than for the mainline tokamak. It la

noted, however, that

fully resolved, the

configuration, and

representing several

in certain areao, those needs for the tokamak remain to be

●lectrical role of the tokamak B/S, the optimal inboard B/S

the PW/B/S response to plasma current diaruptione

example.

3.

forces,

EBR/NBT

for the

Maunet Svfiteme When comDared in terms of Desk conductor fiehle.-.

and support/conductor mass and complexity, the magnet ayetems for both

and S/T/H present more difficult engineering systems than thoee expected

tokamak. The tokamak topology problem related to interlocking poloidal

and toroidal COIIB does not exist for the EBT/NBT, however, and can be

considerably reduced or eliminated for the S/T/H. Since both EBT/NBT and S/T/H

plasmas ideally do not auppart currents that could adjwt or “heal” local field

inhomogenitte~, coil alignment and field errors m*lmt be held to close

tolerance. The low-field ❑agnet systems for the conventional RFP appear from

an engineering viewpoint to be considerably easier than for the tokamak,

although the applicability of ❑agnetic diverters in an RFP geometry has yet to

be demonstrated. The long-pulsed conventional RFPR requires that both

superconducting toroidal and poloidal coils operate in a - 5-10 T/s pulsed mode.

The magnet eystem for a paaeive, translating-plaemoid CT reactor should preeent

a considerably simplified (solenoidal) syetem than that for the tokamak, given

the poeaibility for exe-blanket ehell stabilization of a plaamoid that would

slowly drift along a relatively low-intensity aolenoidal guide field. The

requirement Imposed on any magnet system by the plasma phyflica for a given

desjrable engineering performance through the maximum allowable beta for a given

power deneity or first-wall neutron loading 18 etrongly dependent on the

confinement syatern, with the tokamak and S/T/H demanding more of the magnetu in

order to compensate for lower plasma betaa. The CTS and RFPa in thio context

require lesN of tha magnet eyotem, particularly for the RFP with plasma

confinement provided primarily by poloidal field. The potentially high-beta

EllT/NBT may also have a difficult coil problam if conventional aspect-ratio-
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enhancement methods prove necessary; this problem becomes acute for EBT/NBT if

beta limits are imposed that are considerably below those ●ammed by ●ll past

reactor studies, particularly when the complex interaction between beta, peak

field at magnets, ●lectron-ring energy loaeea, ●tablllty/equilibrium

requirements, fuBion yLeld (i.e., wall loading and system power density),

recirculating power, and total syetem size and coet are oelf-consistently taken

into account.

4. Remote Maintenance Systems The conventional AFCS listed on Table II

are all moderate (RFP, S/T/H) to high (EET/NBT, CT) aepect ratio devicee? with

the CT being considered here aa linear. Although the S/T/Hs are moderate aspect

ratio deviceo compared to the low aspect-ratio tok.amak, the modular-coil S/T/H

reactor studiee15’17 to date have yel to identify a full maintenance scheme that

does not require the movement of maasive coils (~ 500 tonne). In facL, if the

❑odular-coil veraiorm of the S/T/Ha lead to coil systeme that are too massive

for remote movement, eerioue reconsideration must be given to versions baaed on

the continuous-helix cot116; the better physics (magnetics) performance allowed

by the latter presents an added incentive for continuous-coil S/T/H syoteme.

Because of an efficient uee of (poloidal) ❑agnetic field, Lhe conventional RFP

reactor can be designed with a relatively open coil eet that tradee off

increased stored (poloidal-field) ●nergy and lower coil-to-plaama inductive

coupling with a more open and accessible coil set. The high-aspect-ratio

EBT/NBT, like the translating-plaamoid CT, providee ready acceea for

maintai.nence, although EBT/NBT reactor~ baaed on conventional aepect-rat~o-

enhancement COIIB appear to be eomewhat encumbered by a relatively ❑anoive and

expensive coil set.. Generally, modular-coil veraione of the S/T/Hu appear to be

❑ore difficult to maintain then the tokamak, whereae the engineering neede with

re~pect to ❑aintenance acceee for the EBT/NBT, RFP, and CTE appear to be

increasingly relaxed relative to the tokamak.

5. Other Systems Recognizing that the la~t two ●ystamo lieted on

Table VII generally receive ❑arginal attention, littla diffarance 10 expected

between the tokamek and the conventional APCP !n diagnostic- and I/c

requirements. The paoeive, translating-plasmold C’fs may require lees diagnostic

and I/C development, at laast in the burl; chtimber. Safety/anvirunmcntal

advantagaa may bo attrlbutod to tha RFP ●nd to CT-, in that both ●pproach~s ●re
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expacted to store considerably leme magnetic-field energy than the tokamak, the

S/T/H, or the EBT/NBT. All systemn are expected to require eimilar tritium

inventories per unit power for a similar blanket structure. A ●imilar comment

can be made with reopect to the rate of (structural) radvaate generation per

unit power output; blanket material will also be consumed at comparable rates

when expressed on a tonne/Ubft/y baaim (- 200-300 tonne/y for a- 4000-MWt

plant ).

5. Summary for Conventional APCS Notwithstanding the abovementioned

difference and with the possible exception of the less mature CT concepts, the

conventional AFCS considered here appear similar (or somewhat more demanding in

the case of EBT/NBT and S/T/H) in their future engineering needs for a number o!

key fueion-power-core systems. It 16 expected that a lang-puleed conventional

RFP may present an equivalent, if not somewhat easier and more rapid,

engineering poth to fusion power than an equivalently long-pulsed tokamak,30 if

both systems operate with nominally the came plasma transport at funion

condition. Although being vlgorouely addreaaecl for the tokamsk, the concept of

oteady-state current drive for the RFP remaina to be developed. ‘9 Lastly, the

relatively poeitive poeition for the (rranelating) CT reactor reflected in

Table VII ❑ ust be ~iewed in conjunction with the relative immaturity for these

newer, but promieing, approschee.

B. Technology R&D Needs for Compact (HPD) AFCEI

The R&D needs perceived for HPD fusion options have not been quantified to

the level that exists for the conventional mainline or AFC approached. The

technology R6D requirement for thr HPD AFCFJ are also summarized here on a

subnyotem batite given in Table Vlt. Generally, eimilar requirements exiflt for

the HPD approach an found for all ct)nvontional approached. A shift in emphasie,

however, reaulto from the following changen r~lated directly to achieving IIPD

operation.

● Increaeed plnema power den~icy, which 10 proportional to t32B4, where B is
the confining magnetic field at the plasma and 13 IH the r~tio of average
plaama preaaure to magnetic field praaoure at the plaama ourface.

. Increaoad first-wall neutron current (Iw w 15-20 MW/m2) and surface heat
flux (Iq w 4-5 MWt/m2) for operation without n diverter.
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. Increaeed peak (~ 100 MWt/m3) and average (- 50 MUt/m3) power deneity
within a tritiuebreeding blanket.

. Increased radiation and heat fluxes at reeietive mai~net coils in syetems
designed to operate only with e thin HPD blanket placed between the coil
and the plasma.

In relating these 8eneral featurea through the lieting 8iven in Table VII to

identify epecific and/or untque technology DhT neede, generic difference

between confinement. schemen being proposed for HPD application muet be tdken

into eccount. No systematic attempt 18 made here to identify device-specific

iasuet3. None of the potential HPD systems depicted on Table 11 (i.e., CRFPR,

OHTE, Riggatron, as well as a range of C’T062 and high-beta etellarators77) have

been examined R8 a reactor at the level even approaching that of the mainline

tokamak and TMR or certain of the conventional AFCa (I.e., EBT!NBT, RFP, a

number of the CTe). Nevertheless, the following general technology R&D needs

can be identified for the HPD optiona.

1. Plasma Engineering Syetem~ The higher plasma den~ity envisaged for the

compact eystemo will impact all items lleted on Table VII under thie system.

All three HPD approaches aurmmarized on Table IV rely on aianificant Ohmic

heating by toroidal pl~dma currents. The high-field tokarnak in addition may

require auxiliary (adiabatic compreeeional andlor rf) heating to achieve

ignition. The hiah plasma density makee rf current drive mere difficult,

although low-frequency F-O pumping of currents in RFP-like plaamanag should not

be strongly effected by the higher plasma deneit.y. Plaema-aah, impurity, and

fueling control remaina ae uncertaintiaa in the higher density regime; denee Baa

blanket arid/or magnetic diverters are being considered and will undoubtedly be

raquirwl even for Iong-puleed operation, particularly if firot-wall protection

againr3t eputtering provee necesuary. The firet-wall response to the plaema/wall

Interaction, rather than high-heat transfer rates ~ oe, 90 rapreaent~ the key—

plasma-engin~ering iosur for the HPD option.

2. Nuclear Systems The increased surface heat flux ●nd volumetric power— —

d(-nslty at the firet-wall and within the tritium-breeding blankel r~praoent a

major impact on the technology D&T goala/raquircment- for the Nuclear Syoteme.

F’relimjnary computationego find no ●arioua thermomachanical problem under long-

pul,sed operation fl)r ● CRFPR using a high-rntrangth copper alloy ● t tha firot-

wall that is coolad by high-prassura winter (~ 106 pulsas, Iw - 15-2(’) ?fU/m2,
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? 30-s burn, one-year operating life). Ume of primary candidate alloy etainlesa

st~el (PmS) would be out of the que~tion, however, in this application. It ifr

noted that these heat fluxes are required of the S’fA.RFIRE pumped limiLer,3 which

itoelf hae an area that is - 50% times that of the entire CRFPR first wall.

Although fir~t-wall heat transfer in either caae appears to present no aerioue

●ngineering problems, as noted above, the quontions of nputtering and non-

uniform energy deposition present eerious uncert~.,,~iee for all HPD approaches;

t’hie central iaeue is closely related to the projected engineeringftechnology

needs for both the plasma engineering systems (i.e., dense gas blankets,

refueling, diverters, etc.) and the magnet systems (diverters). The peak

blanket power density (~ 100 !lWt/m3) is comparable to the power density in a

light-water reactor (LWR) fi@Oion core, and the compatibility of Bolid tritiurn

breeders with thin local power density presents a question. The LiPb-cooled

blanket proposed for the 0HTE34’35 appearn particularly attractive for these HPD

applications ~ especially for the relatively low-field RFP geometry, where MHD-

pumping loesere can ‘oe zoneiderably reduced. A fully-optimized deeign of such a

thin, tritiuru-breeding, energy-efficient ‘~lanket, however, remains to be mdde.

Generally, the impact on the technology R&D required of the Nuclear Systems will

uniformly be the greatest for the HPD approaches, although for certain HPD

confinement echemes35P1’ the impact on the magnet syntema will be equally aa

great.

3. Magnet Systems ?ne magnet requirement for the three HPD approached

listed on Table IV differ widely. For thone systems requiring large toroidal

(tokamak) or helical (OHTE, perhapo high-beta stallaratora) fields, reniative

coilrI poaitionad a~ or near the first wall may be requirud bacaune of force or

inductive- andfor plaema-couplinti coneiderat,ione. In these cases, t hc retictor

energy bnlance will be degraded. The dominance of plaamn preneurc confinement

by pololdal field in the RFP, on the other hand, allowa the u~o of exo-blnnk(’t

coils operating with low fielde, omen arnounko of ntorad energy, and Ohmic

loasee that csn be mado n small fraction of tha total fusion power. For all

caeaa ~ however, tllame reatmtive coils muet operate in a relatively high

radiation flux, requiring the UOQ of inoruanic aleccrical ineulatioo and nen r-

room-temparntura copper (or nlurninum) conductor. Although the toroldal-fiald

Co?.ls dominate the HPD toknmnk Magnet System, the Ohmie-

haating/poloidal/equllihrium cotln dominate thfi }IP!J RFP design, nnd the firmt-
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wall helical coils dominate the OH’TE reactor, the questions of diverter COIIEI

and feedback!pomition-control ccila remains to be fully answered for all HPD

concepts. For those HPD systemo that propose a lcmg-pulsed operation, the

method adopte+ for pow_r/energy transfer and mtorage (PETS) can preeent a key

coat Issue and is intimately associated with key phyeice ieeue!e related to

plasma startup and approach to lgniticn. ideally, tran~fer timee and total

energy req’~irementa that are mo~t suitable for direct drive from the electrical

grid would be preferable. G~rie]’ally, the greatest demand on magnet and PETS

systems occurs during plasma a~artup, a demand that 18 strongly determined by

poorly understood, fundamental plasma proceeseo accurring during the startup

transient. The amount of flux-drf.ve req<~ired for :oIlg-pu18ed operation or

current-drive power required for aiteady-state cperation is also clo~ely related

to the degree to which the electrical reeistivity of the burning plama 18

anomaloua; anomaly factors in eacesa of 10 can seriously degrade the overall

plant performance in terms of p~~s ~omt and added recirculating power

requirementfl.

4. ~emote Maintenance System= A ~jor goal of the HPD Approaches IS to

achieve fusion-power-core ❑ aas utilization~ in the range 0.5-1.0 tonne/MWt. At

the lower limit n 4000-MWt (- 1OOL-!4WS) FG:C r plant would be driven by a fusion

power core (FW/B/S/C) that wei8hs lees than 1500 tonne. This mass is equivalent

to at most a few of the mmy toroidol-field coile envisaged for Borne of the ❑ore

conventional approached given in Tabla 1. It is therefore conceivable that the

entire fusion power core could ba replaced am a single or at moot a few units

during an annually ocheduled ❑alntcnsnce period. Typically, the complat~ FW/B/S

eyetem for this - 1000-MWe power plant would weigh 200-300 tonne, and at the

15-20 MW/m2 firnt-wall loqding would be subject to annual replacement. Thie

annual replacement rate, of courtic, 10 compatible to that for the conventional

funion ayatema (FW/3/S welghe 8300 and 17,401 tonnes, reapactively for STARFIRE3

and EBTR23), which would replace olily a f~ection of the FW/B/S each yaar. Both

conventional and HPD approached to WE would “burn” FW/B aystema ● t comparable

rat@o (200-300 tonne/y for a - 4000-?fWt plant) and tharefora would bm ●ubjactcd

to similar oparating and ●auociatod ii~iramantnl) COE coate. The invaatmant

cent for the fusion powar cnra, howe.or, wuuld ie considerably lo-a for the HPD

●pprunchae. Equally if not mora important, ● m~ra rapid ●nd raliable FW/B/S

replacement ●cheme basad on total (block) maintananca approachaa could lead to
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●nhanced overall p?.ant availability which in turn can counteract potentially

lower operational reliability and more frequent changeouts associated with these

hiaher-performance eyeteme. In any event, th~ concept of block maintenance,

wherein the entire fumion power core or at ieaet the FW/B/S ia replaced as a

single unit , offers a completely new and innovative ❑aintenance approach for

both acneduled and unscheduled outages.

5, Othe- <yoteme Technology R&D needs for the liPD reactor in the

diaguostir.: “? systems area are poorly undsr~tood eczn for the conventional

approacne~ I’E . Little can be aa:d about similar needg for the HPD

approache6 bejund the dlacuaieion given in Sec. 111.A..5. In terms of total rate

of radionuclide generation, little difference Ie expected between conventional

and HPD approaches. For a given trltium volubility in a Li-Pb blanket, the HPD

systems are expected to operate with reduced inventoried of “vulnerable”

tritium. Although the HPD device will score considerably less magnetic energy

in tI room-temperature rather than a cryogenic magnet Bet, the density of

radlonuclide generation and the related nuclear afterheat problem will scale

with the increased ayatem power density. Given that each tonne of FW/B will

generate similar amounts of total ●nergy for both approaches, the structural

radwaste problem IS expected to be similar for both conventional and HPD

approaches.

6. Pulsed vereu~ Steady-State Operation Like the mtiinline tokamak, most

oyatema being coneiidered for HPD operation Intrinsically would operate In a

long-pulsed mode. It is emphasized that the thermal power delivered to the

turbine and the electrical energy generated by the turbine/generator eyatems

would alwaya be ~teady state; only thl: plasma and to some extent the fir~t wall

la cycled in the long-pulned ayetem. A high-beta S/T/H (e.g., Heliac), however,

would be intrinsically mteady ●tate, although crucial and interrelated

geometric etahility!aquilibrium, and beta iseues remain to be resolved. A

high-duty-cycle, long-puloed operating mode for RFPo, OHTES, CTo, and HP~

tokammks can be ❑ade to raaamble Cloeely ● truly ●teady-mtate operation,

particularly if the etartup/rundown achadulee are anglnaerad to minimize thermal

trenniente both ● t the first wall and within the blanket. Like the tokamak,3

steady-state curretnt drive for both RFPs and OH1’Eo can be propoeed.eg Steady-

rntate DT plasma denoitiaa in the - 3-10(10)20 m-3 range and plaama minor radii
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in the range 0.5-0.7 ❑ arc projected; this higher density will impact the

engineeringltechnology D&T requirements for the first three eysteme listed in

Table VII.

Generally, the attraction of “steady-state operation” has been no intense

as to obaure the added engineeringltechnolagyfphyaica D&T needed to achieve this

goal. In addition to naw and often difficult requir=mente for Bteady-eeate

current drive for those devices requiring toroidal currcnta beyond - 100 s, the

issue of active refueling and impurity/aah control contributes 20 the

uncertainty of that approach. Embracing truly ateudy-state confinement schemes

(EBT/NBT, S/TIti, T!4R) brings equally nerious uncertainties of

beta/stability/equilibrium (EBT/NBT, S/T/H), applicability or comparability of

the magnetic divertor (EBT), and overall system efficiency (EBT/NBT6i electron-

ring loaee9, TMRs end lotises). Superpoeea onto these uncertainties is the

tendency of any cloeed-field steady-state plasma to e~tablieh radial electric

fields that may enhance the trapping of helium ash, thereby necessitating

periodic (- 30 s) plasma shutdoun for aah purge. Lastly, efficient plasma

operation in relatively small HPD systems may bring advantages that subjugates

the ieaue of long-pulsed versus steady-state reactor operation; thiai tradeoff

must be under~tood more clearly before establishing a priority for the many

future engineering needu of MFE, only one of which being a desire for ateady-

state plasma operation.
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IV.

This

AFcm

SIJtWARY AND CONCLUSIONS

The diacuaaion given in Sec. III

qualitative aaeewzment of the

has been qualitative and wide ranging.

future engineering/technology neede of the

im mu-rized in tabular form below. No ifiference should be made about the

relative number of Itemaliseuea liBted per reactor eystem for any given AFC.

TABLE VIII

FUTURE ENGINEERING/TECHNOLOGY NEEDS OF AFCS

PLASMA ENGINEERING SYSTEMS

CONCF NEEDS

EBT/NBT ● Resolve crucial interdependency of electron-ring size (i.e.,
thickness), colliaional drag loss (i.e., recirculating power),
plasma density profiles , and maximum core-plasm~~ beta.

● Startup scenario that controls den~ity, electron heating, and
ion heating to mini~ize startup power and to achieve a stable
ignition.

maintain electron colliaionality in a narrow range (i.e.,
operate in the T mode).

- electron/ion heating to keep Te = Ti and to aOsure radial
electric field~ are maintained.

- etartup trajectory that satiefies above, mlnimizea power,
and achievea stable Ignition.

● Develop acceptable magnetic divertor compatible wl:h local
field curvature required by transport.

● Better understand role of edge-plamma boundary on bulk-plasma
behavior, control of ambipolar potential.

. Better reacto~e ●merge for positive elec-ric fields and ❑ore
collisional plasmas; need exiat~ to reconciie relevant physics
with this reactor regime.

.—

S/T/H . Better renolvelunderstand the effectt3 of magnetite on
beta/traneport/mtability/equilibrium and crucial interde-
pendence on tW/B/S/C engineering deeign and system economice.

● Minimum-power mtartup scenario that ~ropcrly adjusts flux
surfacms ●n beta increases to ignition.

● tfax!.mize plasma filling fraction for non-circular shapes

(toroidal ripple, limiter versus divertor).

● Understand role of ambipolor electric fields on transport and
●tabil~ty/equilibrium.
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. Startup scenario that minimizes power and volt-seconds as
minimum-energy RPP state and ignition is achieved.

● Steady-state current drive by low-frequency, F-G pumping with
miaiml’u reactive power.

. Develop a divertor (single null, inboard, poloidal) that is
compatible with RFP magnetics.

● Understand/develop toroidal-field ripple constraint for RFPs.

● Impact/need of conducting FW shell.

CT ● Scale to and develop mear > for exe-reactor plasnoid fcrmation
(cc-axial gun, FR@, hard core), plasmoid heating (compression,
rf, NBI), and translation to burn chamber.

. Better understand the relationship between transport, profiles,
and stable life of plaamoid.

e Develop means for steady-state current drive/refluxing of a
stationary, ignited plasmoid.

o Means to refuel a translating plasmoid and recover energy
directly from spent plaOmold.

——

HPD CPTIONS ● Operate with high current density (~ 10 MA/m2) in a dense
plasma zo achieve DT ignition by Chmic heating alone, poueibly

with auxillary-heating boost or preconditioning.

● Understand means to piovide fueling, irnpuritylash contrcl~ and
eteady-state current drive in den~e plasma.

● Plasma-edge control, dense gas-blanket, isolation 02 plasma

from FW scrape-off layer required.

s Examine potential of HPD options
operate with currentness plaama.

NUCJZIit SYSTEMS. —.. .—

for confinement systems that

CONCEPT NEEDS. ——— .

EBT/NBT 9 Two-region, azimuthally non-symmetric B/S is needed to ❑inimize
distance between TFIARE field-lllaping COIIB and pla~ma, while
maintaining adequat.w tritium breeding and shielding of SC.

● High-power rf protection of FW/B/S subsystems, vacuum ducr.a,
etc. , and rf component lifetime in radiation environment
(windows).
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9 Stability/tqtiilibrium/beta-dictated nagnetice may require thin,
sub-breeding B/S directly under coils, like EBTs.

● Engineer, ●upport, install, maintain helically arrayed FU/B/S,
divertor and coil aystema.

RFP ● Poeaible need of an electr~cally conducting first wall, impacte
overall plant efficiency, assemblylmaintenance scheme (gaps) ,
and F’WiB lifetime.

CT ●

●

●

●

●

Means to deal with high heat flux at entrance of llnear burn
chamber for aystema baaed cn exe-reactor formedllgnited,
translating-plasmoid eyatema.

In situ high-voltage FU/B fur stationary, shock-heated,
~iab=ally compreaaed plasmoid~ (TRACT!.

Thermal/hydraulic/neutronic/mechanical aspects of liquid-me:a’:
liner-compressed approaches (LINUS).

NBI penetrations and potential ne,d for quadruple winding.~ ‘r,
the FW/B region (FRM).

Engineering needs of CTS formed from plasm gun or hard core
and subsequently burned in a ote~dy-state, stationary ❑ode are

poorly understood (little etudy).

—

~OD OPTIONS ● High heat-ilux (3-5 !.d/m2) Fbl and hi h-power-density breeding
blanket (20J MWt/m3 peak, 950-100 f4Ut/m average) precJudes use
of PCASS and solid breeders.

● Control/undereta\ld FW eputter ●roclon through diverter or dense
gas bl~nkets.

● Single/fnu-piece FW/U/S construction for purpoees af “block”
meintennnce requireo crnrefvl reudlution.

MAGNET SYSTF—.

CONCEPT NEEDS.—.. ..——..———-——.-.-——-——.—

EBT/NBT ● Better method- needed to achieve ARE than the “conventional”
❑eano , which glveu a madetv@, tnefflclent coil set with ● col!-
to-on-axi~ flald rttlo of - 3 (@z OC1ll 10V, ●ven with hl~h
beta).

● Ikoign and feaeiblllty of M magnetic dlvartor in ● steady-state

IMDpy torus (ambipolar fields, bo’Jnce-averaged field curvature
for good transport).



●

●

●

-27-

Field errore associated with coil construction and torue
aesembly must be held CO low valuea because of inability of a
currentness plasma to “heal” field inhomogenitie~ and
fluctuat~.ng/unconfined flux linee. Need for truly currentleee
plasma oparation.

Effect of field fluctuation aaaociated with high-power
ICRH/LHH startup on line closure and confinement must be better
understood.

Better underatanding~dealgn of loea-of-coil accident and
❑ethods to recover.

S/T/H @

●

●

●

s

●

Need for accurate coil alignment, ae for EBT/NBT and for
efmilar reasons.

Effect of field flvctuatione aaaociated with hiuh-powered
LCRH/LHH startup on magnetic island formation, vertical field
and confinement.

The proximity of oppoeing current conductor
forces not ● a merioue aa for EBT/NBT,
nonthelees exiota for S/T/H. Need arise for
desired magnetica with lees masaive (costly)

Adjuet/tune magneticn as plasma beta ie

and the aeaociated
but the problem
❑ethods to achieve
coil eete.

increaned during
otartup to maintain otability/equilibrium condition.

Need better engineering underatandln~ of B varsue on-axis B
tradeoff between EBT/NBT and S/T/H. For same O~aama power

denaltyj S/T/H ham higher B for a given limit imposed on the
coil field, ●nd a lower El is possible, comparad to EBT/NB’i’.

Non-planar coil fabrication and winding required, cannot wind
❑odular coil- under tenalon, unlike yin-yang coils for TMIl.

RFP . Long-pulsed SC option raquiraa 5-10 T/s PFCS and TFCn, but
operation 10 at low fields (2-3 T). Only SC APC reactor thal

can oolely uae NbTi technology.

● Stmndy-atata SC operation may roquira poloidal divartora,
char~cterlstlco of which ● ra unknown for RFF g~omatry.

● po~ition-control, ●t l~ility/aquillbrium feedback COil@
required, but ramaine uncharacterlgad.

—. .— .—

m’ ● M.eanet rcquiromantu vary Wldmly for varioua CT reactor
●pproach@c (simple ●olonold, quadrupolak, hard corcm, no
maanoto), but hi~h-buts planmoida Sonorally loads to raduccd
magnet requlremcnta.
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● CT reactor extrema insofar ae magnet neede are concerned
- TRACT: high-field hydrid magnets positioned around an

ignited plasmoid.
- LINUS: no in-reactor magnet requirement.

HPD OPTIONS ● Very high-field (20-2,5 T) first-wall resistive coils required
by Ohmically-heated HPD tokamaks.

● Most HPD eystems (CRFPR, Riggatron, OHTE, Heliac) require
reaiatl,ve coile to operate in hign radiation field. Need

existe to understand response of such coils and life-limiting
mechanisms.

● Certain HPD options fiucceaefully tradeoff higher recirculating
power and BOP cost for reduced shield and coil coats; this
tradeoff requires additional titudy.

● Generally, exe-blanket. coil design/requirements are state-of-
the-art.

REMOTE MAINTENANCE SYSTEMS

CONCEPT NEEDS—————. .—-—.-..-——.— .—.- —-——--.— - - ——-.—__—-__——

EBT/NBT ● Maintenance of the high-aepect-rattc design baned on

conventional ARE requires movement of 69.9 tonne midplane

FW/B/S ❑odule and a 44.4 tonne coil-plane FW/B/S module through
a fixed coil net. Maintenance advantage would be retained a:

%
/rp values conaldertibly below the - 35 used with conventional

A E. Enhanced maintenance would result from slmplcr, more open
meun~ to achieve ARE, ●ven at lower aspect ratios.

● Elimlnnt.e auxilinry co[lm for ARE, and achieve high ‘n<r/KG
Iloluly through dcformvr.1, canted, rind/or lower aapect-rmtlo TFL
●ct.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .—., .

W/B/S module extractl[)n.

● Impart o n malntenanr~ chew of realltt ical:
cupporL ●nd bu(king-ring •yst~mm, ●m Wr”l 4a
nyzlrm, MUM( be better resolved.

● Ptalntenance problems [)n a ~odulnr hut h~llral
I)f FU/11/S •~gment,~ need~ kttrr rau,~lut!nn.
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. The key Ieaue of fixed modular coils vereua fixed continuoue-
helical coils with respect to maintenance of a
segmented/modular FW/B/S ❑uot be better resolved.

RFP ● Ability to locate PFC set outOide the fueion power core, at an
added but acceptable coet in stored field energy, gives a
relatively open torus comprieed of FW/B/S and low-field TFCS.
The TFC could remain fixed, or be moved with a given FW/B/S
module.

● FW/B/S maintenance scheme calls for partial in situ disassembly
(i.e.,

.—
separate blanket and shield), leading to less mass per

lift. Feasibility of this operation should be better resolved.

● Conducting-shell FW and allowable gap spacing impact strong!,y
FU/B module size and attachment scheme. This important issue
must be better understood.

— —

CT

.-.-— .

HPI) OPTION

. Wide range of configurations are p~saible:

* The

translating plaamold movee hi~h-technology systems
outside reactor and into a reduced radiation environment.

scatlonary CT reactora (LINIJS, TWCT) aleo differ widely,
with TRACT depending on the uurvlval of the high-technology

FU/kl/S/C and the LINUS each pulse regonerattng a llqllld-
mecal FUIB/S/C.

. . - . - - -- - —-. - - - - . - - - - - -.-.-— - --- - - - . - -- --.—- - — —-.. - —-

basic malnccnancc approach dlfferx coneidcrably from the

convcnr lonal mainline and AFC cnnceptn; total “black”
malnt~nancc of the FU/B/S (- 200-100 tonne) ia proposed. The
merltn of “block’” ver~us “patch” maintenance rcqulres furtl~er
examination.

..-. . . . .-— .-.. -.-— . . ---- ..-. -.
. . -.. “...— ..- -.— ———.. . . . . ,....— ..- ----
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Blanket/Shield (materials compatibility, radiation
properties versus liquid-metal breeder containment).

damage, eolid-breeder

Magnets (thennomechanical/electromechanical properties, radiation effects,
reliability, maximum fields and hybrid ❑agneta, ~lzelmodularity).

Remote Maintenance (better definition of maintenance scheme, need for lees
maaeive modules).

The difficulty of the problem(s) cseociated with any of these key

engineering areaa depende crucially on the confinement phyaice. Each AFC listed

on Table I to varying degrees has the potential for improved (reduced)

engineering needs relative to the mainline concepts by offering differences in

Borne aapect of confinement physics. Generally, improvements perceived for one

area have been or can be expected to be accompanied by the creation of new

unknowna or the woreening of conditions in other areaa. Over the past decade,

iteration over this improvement/diaimprovement cycle haa narrowed the AFCa to

S/T/H, EBT/NBT, and RFP, with the ❑ore recent interest in CTO ariaing becau~e of

the unique potential of decoupling totally the coil eet from a high-betn planmn.

It ehould be noted that thin proceae hati occurred largely wlchnut direcc

comparison or interc>mparieonH with the evolving tokamak or mirror concept~.

Relative to the mainline Cokumak ~lld TTIR concepts, each of Lhege AFCn offer

technological improvemcnt# thllt tn turn tire projected tin the bneln of certtiln

extrapolation of phyulcs performance. Theme extrapolmtionti vary widely. Any

ralativu ranking () f thr ❑ainline and AFC npproachca bancd 011

engincerinB/technology n~oda will bc obmcured by unccrtminttcs i n the phyulcn

data bana, tht’ level of concept mmturit~, and required extrapolnttontic

(%nerally, tllc futura entilnmerln~ noedrn of the conventlonnl AF(;n are anticipated

t () he largely oatlafled by programs required I>y the ❑ainline t}kaw~k and mirror

●pproached; even tllc complax roil raqulremrntn of tile SfTINn vr LII@ tllull-

power/tl~gt\-fr~(l\l~n,-y rf reqllfrement w envtnn~cd for kFtT/NHTe could hu ❑ot by

●atiafylng n:mllar if nnt more proff~und raqulremrntrn of tlIo Landmm mlrrorH. Thr

●xintenc~ of thin ●ltuatlon in not sup{inin~, in thar t}le conventional AtCm find

th~ matnllne approarhen ar~ prt~~ec[lng HFE r*acLorm t Ila[ appear L[} be quite

clmilar Wtlen ❑eauurmd in t-rm~ of alt.~, po~r density, bantc engineering I16T
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Nevefuheless, the conventional mainline approaches may supply important

engineering information for the HPD options in the area of high heat-flux first-

walls (pumped limiters for tokamak~, direct convertor ourfnceta for tandem

mirrors) and radiation-reefstent remiative coils (equilibrium coils for

tokamakB, hi~h-field hybrid ❑agnets for the tandem mirror end cells), aa well ae

pulsed power/energy transfer and storage (tokamak startup). All these areas are

considered to repreeent long-te~ development items for the mainline approached,

however, whereas many of the related engineering probleme ❑ ust be addressed by

HPD experiments on a much shorter time scale. Unlike the conventional AFCe, the

compact HPb option must be considered as a true option rather than as a backup

to the mainline approache~, in that both the time schedule for and re-emphasized

needs of the HPD option will not allow key engineering Isnuee to be renolved by

the D6T programs in place for the mainline tokamak or mirror ayetemu. If a

eingle future engineering naed can be identified from thiO survey it would call

for a careful and concerted effort to understand the degree to which exinting

technologie~ can be extended to accommodate the neada of the HPLI option compared

to the elimination or deduction of other technologie~ that lie far beyond direct

extentiona of or extrapolation from that which 1s known.
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